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Abstract Protium and deuterium sorption in the a-phase
region is studied for highly defective palladium electro-
deposits fabricated under controllable potentiostatic
modes, particularly in the region of concentrated hy-
dride formation. An anomalously high hydrogen con-
tent is observed for these samples in both o- and
f-hydrides. On the basis of coulometry in the course of
anodic hydrogen extraction, the non-linear sorption
isotherms are plotted and their specific features are
considered under an assumption of simultaneous equi-
librium sorption of hydrogen by several types of lattice
positions with a certain degree of defectiveness. Less
defective palladium samples deposited in the absence of
bulk hydridization are studied for comparison. The ap-
proach is proposed to estimate the fraction of defective
regions. The procedure of analyzing the low-pressure
limit is used for the first time for determining the specific
values of the isotope effect, and also H and D Sievert’s
constants. The isotope effect is demonstrated to be
extremely sensitive to the type of defectiveness.

Key words Palladium - Hydrides - Deuterium -
Protium - Coulometry

Introduction

Among many aspects of the problem of hydrogen ac-
cumulation by solid metals at conventional pressures, an
important but not always reproducible effect of
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achieving anomalously high hydrogen concentrations in
the p-phase of palladium should be emphasized (for
example, see [1, 2, 3, 4, 5, 6]). Similar effects for the less
concentrated o-phase are sufficiently well known and
manifest themselves both for disordered compact [7, 8,
9, 10] and dispersed [11, 12, 13, 14] materials and, ac-
cording to [7], are caused by the specific sorption
properties of imperfect areas. However, in the literature,
practically no data are available on comparative studies
of the properties of a- and fS-hydrides formed during
saturation of Pd samples. This is why, to date, the
questions of participation of hydrogen sorbed in defec-
tive lattice sites, during the o«>f transition, and the
dependence of the hydrogen bulk concentration in
defective areas on the H pressure (in electrochemical
systems, on the potential of the palladium electrode)
remain open. These questions are also important in view
of fundamental science, because palladium hydrides are
unique model systems for studying nonstoichiometry,
one of the most important problems of the modern
physical chemistry of solids. It should be noted that,
along with the anomalously high hydrogen content, the
lessened hydrogen content in the hydride f-phase at a
high defectiveness of palladium has also been described.
This result [15] concerns electrodeposits formed during
simultaneous hydrogen evolution.

In this work, we consider the isotopic dependence of
the bulk concentration of hydrogen during electrolytic
saturation of dispersed imperfect palladium materials in
solutions based on H>O and DO (the question generally
ignored earlier).

The studied objects are palladium deposits obtained
under potentiostatic cathodic polarization. In accor-
dance with [15, 16, 17, 18, 19], these modes ensure the
formation of reproducible specific nanostructures, which
demonstrate potential-dependent distributions of parti-
cles in size and texture, and also a certain bulk defec-
tiveness. The latter property is the most pronounced
when deposition proceeds in the potential region of f-
phase formation under conditions when the lattice
becomes deformed as a result of quick and deep



hydrogenation simultaneously with its growth. For in-
stance, some deposits formed in this case are charac-
terized by the hydrogen concentration in the fS-phase
(xn(p)) being higher by a factor of 1.5 compared with
those known for most palladium materials [19].

Experimental

In this work, we used palladium deposits on polycrystalline gold
and platinum foil electroplated from a solution of 0.06 M
PdCl,+1 M HCI under potentiostatic conditions at Eg=-50, 26,
and 40 mV with respect to the reversible hydrogen electrode in 1 M
H,SO0,' [these types of samples are denoted below as Pd(-50), etc.;
see Table 1]. In comparative experiments, we studied the deposits
obtained under galvanostatic modes [denoted as Pd(gst) in Table 1]
at a current density of 1 mA/cm? of the geometrical surface area.
This mode corresponds to the deposition in the E4 region from 200
to 300 mV, i.e., the region of the limiting diffusion current of Pd(II)
reduction at a palladium concentration of about 1 wt%, which
precedes the formation of concentrated hydrides. The deposition
conditions are described in more detail elsewhere [19]. The char-
acteristic deposit thicknesses were in the submicron range.

The deposit mass m (of the order of 1 mg/cm?) was determined
from the difference of the electrode masses before and after palla-
dizing. The typical size of the electrodes was ca. 1 cm?; hence, the
accuracy of the m determination could introduce a greater error in the
H/Pd estimation (~10%) compared with coulometry. However, as
was shown by several series of experiments with 5-7 deposits fabri-
cated at one and the same Ey and weighed independently, the scatter
in the found H/Pd data was always <10%. Hence, the error of the m
determination was systematic and at least should not affect the cor-
rectness of the comparison of the results for different deposits.

Before the experiments, the electrodes were cleaned by alternate
anodic and cathodic polarization in a dilute solution of H,SOy. In
this case, by limiting the time of anodic polarization at E<1.25V,
we could avoid dissolution of the deposit in noticeable quantities
during its cleaning. The real surface areas of the electrodes, Sc, and
So, were determined from the adsorption of copper [20] and oxygen
[21] adatoms, respectively, by measuring voltammograms in 0.5 M
H,SO,, including the solution with addition of CuSQO,, from
300 mV to 1230 mV at the potential scanning rate v=1 mV/s. For
the experiments, we used fresh solutions for every electrode. In
calculating S, we assumed that a charge of 420 nC/cm? is consumed
in desorption of a monolayer of Cu adatoms and in adsorption of a
monolayer of O adatoms.

It should be mentioned that the ratio of Cu desorption peaks
(Fig. 1) is dependent on E4, which can be explained by the surface
texture, and the corresponding charge of the monolayer desorption
should be considered as an approximate value. However, generally
the uncertainty of the Sc, value is in any case lower than of So,
which is influenced by contributions from palladium dissolution
and also from pronounced structural sensitivity of the oxygen
coverage at a certain potential.

The surface images were obtained by means of a scanning
tunneling microscope, whose construction and characteristics are
described elsewhere [22], at a tunneling voltage of 200 mV and
tunneling currents of 150-200 pA. Figure 2 shows typical images
and the histograms of size distributions j(d); the latter can be de-
scribed under a certain approximation by the normal distribution.
The position of the maximum diameter dp,,, and the distribution
width depend on the deposition potential [19].

Table 1 shows the most important characteristics of the deposits
studied.

! In the experiments, we also used a silver-silver chloride electrode.
All the E values are given on the reversible hydrogen electrode
(RHE) scale

213

Table 1 General characteristics of the Pd electrodeposits under
study

Sample XH(B) SCB So Aimax
(Eq, mV) (for E=40 mV) (m”g™") m?gh  (nm)
Pd(-50) ~0.4 22 3.7 20
Pd(26) ~1.2 4.5 6.4 35
Pd(40) ~0.65 5.5 6.5 45
Pd(gst)  ~0.65 8.0 6.2 40

The calculation of the real surface area of the deposits obtained
at the potentials of hydride formation, which was carried out in
accordance with the procedure of [17] with the use of STM data,
provides adequate agreement with experimental Sc, values [19]
(however, the latter are always higher by 20-30%). At the same
time, for the deposits obtained at lower overvoltages, the specific
surface areas always several times exceed Sc,. These deviations can
stem from the fact that either the particles in the deposits merge
together or the surface in narrow pores is screened. In the former
case, we can refer to the formation of continuous defective areas at
grain boundaries.

To determine the hydrogen content in the hydride a-phase (xg),
we measured the potentiodynamic curves in 0.05 M H,SOy in the
potential range 75-200 mV. The preliminary hydrogenation under
potentiostatic conditions lasted for 20 min. The calculation of the
xy values was carried out by the method of Kolyadko et al. [11] by
introducing a correction for the hydrogen adsorption and making
an allowance for Sc,. For this purpose, we used the dependence of
the surface coverage by hydrogen on the potential shown in [11] for
Pd black and, apparently, corresponding to somewhat overrated
values. From our estimates, the corresponding error in the con-
centration of dissolved hydrogen can become significant (> 7-10%)
only at hydrogenation potentials exceeding 200 mV.

To determine the equilibrium hydrogen content in the «- and
p-phases of palladium hydrides, we measured the equilibrium
charging curves [23, 24]. For this purpose, the studied palladium
electrodeposit was hydrogenated under potentiostatic conditions at
E4=30mV for 6 h in a vessel bubbled with inert gas. The end of Pd
bulk saturation was judged by the potential invariance after the
circuit was opened. Then, after the inert gas flow was stopped, the
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Fig. 1 Cyclic voltammograms of Cu desorption obtained in 0.5 M
H,S0O4+0.1 M CuSOy solution after formation of a monolayer at
E=300 mV for Pd deposited on Au at £3=-50 (/) and 40 (2) mV
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Fig. 2 Typical STM image of electrodeposited Pd (180 x 214 nm?)
and size distribution constructed from statistical treatment of a set
of images for Pd(40)

electrode was polarized anodically under galvanostatic mode at
current densities of 0.1-1 mA/cm? of the geometrical surface area
(high current values were used only in the region of the a—f
transition) and the time dependences of the potential were re-
corded. The circuit was periodically opened and the potential was
left to shift to the constant value. Thus, we obtained the depen-
dence of the equilibrium potential values on the charge passed.

In this work, we used the solutions prepared from twice distilled
H,SO, (18 M), HCI1 (6 M), and water. The deuterated reagents were
purified in the same fashion (for details, see [23, 24]). The solutions
were deaerated by argon purified from oxygen traces. The electro-
chemical measurements were carried out in an automatic mode by
means of potentiostat-galvanostat CHI 604 (Cordoba, USA) con-
trolled by an IBM compatible Pentium computer. The potential E of
the working electrode was measured with respect to the RHE in
aqueous 0.5 M H,SO,. The pH of this solution (0.5) differed from
that of deposition solutions (0.4). The corresponding correction for
the potential value with respect to the RHE (the scale used in [18]) in
the deposition solution was about 6 mV. The correction for the dif-
ference of equilibrium hydrogen potentials in protium and deuterium
media (4 mV) was introduced when the pressure dependences were
calculated and has been discussed in detail previously [23, 24].

Results

Experimental studies of the protium-deuterium
isotopic effect at the formation of equilibrium «-PdH

The effective diffusion coefficients of protium and deu-
terium atoms are influenced by a large number of
structural properties of polycrystalline materials, and, to
obtain reliable sorption data, the technique of equilib-
rium charging curves [25] is most suitable. As an
example, Fig. 3 compares the coulometric data obtained
on a Pd(26) sample under equilibrium conditions with
voltammetric results at v=1-5 mV/s.

2 Actually, from here on, we consider the defective materials as the
equilibrium phases of a special structure, because the lifetime of long-
lived metastable defects in the considered electrodeposits far exceeds
the time necessary for equilibrium to be reached for the processes
with participation of hydrogen. It is in this sense that the term
“sorption isotherm” is applied to such quasi-equilibrium materials
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Fig. 3 Equilibrium charging curve for Pd(26) (solid symbols) and
the values of a-phase hydride concentration obtained by potentio-
dynamic extraction (open symbols)

Below, when analyzing the segment of the sorption
isotherm® for «-PdH(D),, we mainly use the results
obtained during potentiodynamic extraction, which, as
follows from Fig. 3, correspond to equilibrium extrac-
tion of hydrogen at £<0.085-0.090 V. Figure 4 shows
the dependences of the hydride concentration xyy ) on
the potential on the traditional coordinates x vs. p'/* [26]
(effective hydrogen pressure p is calculated from the
saturation potential via the Nernst equation). For all the
samples studied, in contrast to bulk polycrystalline
palladium with a micron grain size (curves 1, 1’, Fig. 4),
the isotherms are characterized by a pronounced non-
linearity and substantially above (in a number of cases,
by an order of magnitude and higher) concentrations of
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Fig. 4 Hydrogen sorption isotherms in the a-phase region. Curves
1-5 correspond to xy, curves 15" to xp. I, I© smooth
polycrystalline Pd [26]; 2, 2: Pd(-50); 3, 3": Pd(26); 4, 4": Pd(40);
5, 5% Pd(gst)



hydride, especially at low p. This behavior is typical for
disordered materials, in whose lattice the defects work as
hydrogen traps [7, 8, 26, 27].

Owing to significant differences in the isotherm
slopes, the ratio of the hydride concentration for
different deposits is pressure dependent. Moreover, the
reproducibility of concentrations of dissolved hydrogen
for the same Ey is substantially lower compared with
structural and adsorption characteristics, which is quite
understandable because the formation of nonequili-
brium defects in the material bulk depends on quite a
number of factors which are difficult to control. We can
outline only certain tendencies of the Ey effect on the
sorption behavior, which are discussed in detail in
Rusanova et al. [19].

Palladium electrodeposits obtained at ‘““‘medium’ de-
position potentials (250-400 mV) are represented in this
study by Pd(gst). The similarity of their structure and
sorbtion properties was discussed in detail in Rusanova
et al. [19]. For these types of deposits, the excess low-
pressure concentrations are always lower and the iso-
therm slopes (dp'/?/dx) at the region of quasi-linear
behavior are always higher compared with deposits ob-
tained at the potentials of concentrated hydride forma-
tion. For the latter, the equilibrium potential of the o« f3
transition proves to be somewhat lower. Anomalously
high hydrogen concentrations in the f-phase are ob-
served only for a narrow Ejy interval close to 20 mV.

At a constant pressure (constant potential), on all the
deposits, the values of xp obtained in deuterium media
appear to be lower than the corresponding concentra-
tions of protium xy. The dependences of the ratio xp/xy
on the pressure for the samples studied in this work
differ significantly from one another and also differ from
the literature data for compact palladium materials [26,
28] (see below).

In certain isotherms of Fig. 4, at a p'? of about
0.005 atm'? (E=130-140 mV), a bending appears;
however, the analysis of its nature is beyond the scope of
this work. It cannot be ruled out that it arises as a result
of insufficiently accurate corrections for the hydrogen
adsorption, for example, owing to the presence of hy-
drogen adatoms in a certain characteristic state, which
desorb in a narrow potential region (the charge for
hydrogen adatom desorption is comparable with the
charge of a-hydrogen desorption at p!/2<0.005 atm'/?).
One cannot also exclude the realization of a phase
transition similar to the o<« f transition in the regular
lattice when the high degree of occupation of defective
positions arranged in large compact groups is reached.

Coulometric analysis of potentiodynamic curves of
protium and deuterium desorption (Fig. 5) served as the
basis for plotting the isotherms under discussion. As was
discussed in detail in Rusanova et al. [19], these curves

|

Fig. 5 Typical potentiodynamic curves obtained in the course of
extraction after hydride (deuteride) saturation at E=90 and
120 mV: a Pd(-50), b Pd(26), ¢ Pd(40); solid lines correspond to
protium and dashed lines to deuterium extraction
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Table 2 Potentials and relative heights of peaks in voltammograms measured during hydrogen extraction after hydrogenation at
E=0.09 V (the values of currents / are normalized to the height of the highest current peak)

Sample E (mV)/I E (mV)/I E (mV)/I E (mV)/I E (mV)/I
Pd(-50)
Protium 120/0.85 - 220/0.46 270/0.65 290/1.00
Deuterium 125/1.00 - 215/0.70 255/0.79 -
Pd(26)
Protium 115/1.00 190/0.38 217/0.42 260/0.53 280/0.97
Deuterium 100/1.00 - 240/0.74 260/0.83 -
Pd(40)
Protium 115/1.00 - - - 275/0.30
Deuterium 115/1.00 200/0.38 220/0.36 - -
Pd(gst)
Protium 105/1.00 - - 260/0.10 -
Deuterium 110/1.00 - 240/0.12 270/0.10 -

correspond to equilibrium desorption, if the saturation
potential is above 0.09 V. The equilibrium was con-
firmed by the coincidence of the charge on anodic and
cathodic curves at a given sweep rate, and also by the
coincidence with the data of equilibrium charging
curves.

The complicated shape of the current peaks in Fig. 5
can point probably to the existence of different forms of
extracted hydrogen. The comparison of the data for the
same samples in solutions of different isotope composi-
tion shows that, at a constant saturation potential, the
regions of protium desorption are wider compared with
deuterium. In a number of cases the desorption peak
corresponding to the most strongly bound state is ob-
served only for the lighter isotope. Table 2 shows the
relative heights and potentials of the peaks.

It is probable that relatively weakly pronounced
features correspond (at least partly) to desorption of
hydrogen adatoms. At the same time, at least two (and
in certain cases even three) characteristic peaks corre-
spond to the charges that are known to be higher than
the charge of desorption of a hydrogen monolayer [12,
29], and can be assigned only to certain hydrogen states
in the hydride bulk, for example in the most defective
and most regular lattice fragments.

We do not consider in this paper the other possible
reason for the appearance of the specific anodic feature
at ca. 0.28 V [30]. Generally, this probability cannot be
ignored; however, the modes of pretreatment that
induced this interesting effect [30] are highly specific and
differ strongly from the modes used in our study. For
exact clarification of this problem, direct chemical
analysis of both hydrogen in bulk Pd and oxygen on the
surface is necessary.

In the next section, we make an attempt to consider
the hydrogen sorption as an additive process of parallel
saturation of defective and defectless areas.

Model analysis of sorption isotherms

In earlier literature, when analyzing the processes of
hydrogen sorption with participation of defective metals

and alloys, authors mainly used the Oriani approach
[31], which generalized earlier attempts to consider the
equilibrium between the sorbed atoms with different
binding energies. In Bucur [7], to describe the equilibri-
um hydrogen concentrations in palladium materials, the
model of Oriani [31] was used, which allows one to re-
duce the treatment of experimental data to a graphical
determination of the Sievert’s constant K (from the
slope of the isotherm segment in the higher pressure
region) and the share of lattice defects r,” (by extrapo-
lating the aforementioned region to p=0):

(1)

Further analysis with the use of these parameters
allows one, in accordance with [7], to obtain also the
values K, which can be considered as the effective Sie-
vert’s constants for defective areas (in accordance with
[7], these are the constants of the equilibrium between
hydrogen in defective and defectless positions normal-
ized to K;). Table 3 shows the results of formal treatment
of the data of Fig. 4 in accordance with Eq. 1. The
accuracy of K determination differs for different sam-
ples and, as a rule, is low owing to the narrowness of the
linear segment.

An adequate description of the region of medium
compositions by Eq. 1 for most electrodeposits dis-
cussed could not be achieved at any K values. At the
same time, typical values of r” for all deposits lie in the
same interval as those of the samples studied in [7], and
also for those electrodeposited and obtained by chem-
ical reduction of palladium from its solutions [11, 12,
13, 14]>. We made an attempt to compare the values
found by us and also by others [11, 12, 13, 14, 15, 16,
17] with K vs. r” dependence plotted in [7] (Fig. 6).
The solid curve in Fig. 6 taken from [7] practically
flattens out in the interval of relatively high r typical
of electrodeposits. In this case, the scatter in the values

3 In the last case, the applicability of Eq. 1 was checked only in a
narrow region of pressures [12], and the corresponding K values
were not presented



Table 3 Parameters of Eq. 1 for the palladium samples studied
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Sample K, (atm'”) (H/D) K (atm'?) (H/D) r’ (H/D) Cen/p')ps0 (¥u/¥D)p—0
Pd(-50) 3.1/3.9 - 0.019/0.015 ~20 2.4

Pd(26) ~2)~3 - 0.018/0.008 ~10 2.4

Pd(40) 2.2/1.7 - 0.015/0.008 ~10 ~2

Pd(gst) 5.6/18 - 0.001/0.001 ~2 13
Smooth [25] 12/24 - <107 0.08 2.05
Typical values [6] 2-20 ~1 1041072 - -

corresponding to dispersed Pd is sufficiently wide.
Undeniably, in this case, we can speak only of a certain
correlation, because, at least at low bulk concentration
of hydrides, the individual properties of defective areas
and those with a lesser number of defects (which is
described by the value K;) cannot depend on the
presence of positions of different types in the imperfect
samples. Indeed, Sievert’s law in its simplified form
(xH(D)zpl/z), which can be applied only to very diluted
hydride phases [26], assumes the absence of long-range
effects (particularly, hydrogen-hydrogen interactions).
If we build the K, vs. r” dependence for electrode-
posited Pd only, it is difficult to find any systematic
correlation.

For the same reason, the presence in these materials
of continuous truly perfect areas should be called into
question. Were the fraction of regular structural frag-
ments really substantial, then, after occupation of all the
defective vacancies in a certain pressure interval, the
dependence of the composition on p'/? should be ex-
pected to be linear with a slope K, equal to the value
known for virtually defectless (coarsely crystalline,

annealed) palladium (at room temperature, about
Ks’ atm!?
20
15F
A
[}
1
20
r103

Fig. 6 K, vs. r dependence reported in [7] for disordered Pd foils
(solid curve) and corresponding points for electrodeposited Pd
(protium, open symbols; deuterium, solid symbols)

12 atm'? [26, 32]). As follows from our data [19], the
significantly lower values of K determined by the usual
linear approximation of isotherm segments at p'/><
0.03-0.04 atm'/? are not the result of the error associated
with the narrowness of the interval considered. On the
contrary, when the interval is widened to 0.08 atm'/? [19],
the values of K appear to be still lower (<1 atm!/?).
Thus, in the imperfect materials studied in [7] and in this
work, either the defectless areas are altogether absent, or
several types of defects are present with the overall
concentration substantially higher than r so that the
contributions of perfect areas do not prevail up to the
region of the o« f transition.

Indeed, this question cannot be solved without
studying independently and in detail the nature of
defects (in [7, 8], they were characterized as disloca-
tions, and in [12] the role of lattice vacancies was
emphasized). Along with these suppositions, the pos-
sible contributions of defective areas of more compli-
cated structure [9] also need to be thoroughly checked;
first of all, anomalous areas of intergranular bound-
aries. The latter are considered responsible, for exam-
ple, for the sorption of excessive hydrogen by
palladium compacts (the materials obtained under
pressure from powders [10]).

The conditional way of characterizing the fracture
of defective positions by the parameter r in Eq. 1
should be called into question, bearing in mind the
isotopic dependence found for this parameter (Table 3).
The r” values obtained from the isotherms of Fig. 4
on the basis of Eq. 1 formally suggest that the number
of defects that can be occupied by protium far exceeds
the number of potential positions for the strongly
bound deuterium. However, the sizes of protium and
deuterium atoms differ insignificantly, and the sorption
of the latter should not cause any steric hindrance. It
is more probable that the precision of determination
of the number of ‘“‘special” sites by using linear ex-
trapolation in a narrow pressure interval is unsatis-
factory.

In the context of estimating the possible proportions
of defect concentrations, it should be noted that, for
quite a number of different palladium materials, the
sorption isotherms in the f-phase are described by the
same logarithmic xy vs. Inp relationships [25, 26, 33],
which allows one to assign the corresponding parame-
ters of isotherms to a defectless lattice. It is obvious that,
at a low bulk content of defective positions, it is difficult
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to experimentally detect their contribution to the value
of xy for concentrated hydrides which is comparable
with unity. This is why the aforementioned deviations of
concentrations in the f-phase both to higher and lower
values [19] (Table 1) can be considered as an indication
of a low bulk content of precisely defectless lattice
fragments in the corresponding materials. In the sample
Pd(-50) the numerous defective positions probably tend
to form concentrated hydrides at high pressures, com-
pared with equilibrium palladium lattice, whereas in the
sample Pd(26) this proceeds at low pressures. The de-
crease in the f-phase concentration, compared with that
formed by “usual” Pd, was also found in [34] for bright
Pd deposited from H;POy-containing solutions at high
current densities.

When analyzing defective materials within the
framework of Eq. 1, it is necessary to bear in mind that
the constant K can depend on the hydrogen concentra-
tion. According to [7], the fact that the dependence xy
vs. p approaches a straight line points to the limiting
occupation of defective positions. If such an assumption
is made for the defective positions arranged in compact
groups (for example, in the region of intergrain bound-
aries), then interactions of hydrogen atoms in closely
localized positions inevitably change the effective value
of K. The variation of K with xg is usually taken into
account in Sievert’s law by introducing the factor that
depends on xy [26]. The dependence of K on the con-
centration of defects was also mentioned in [30]; more-
over, it was detected experimentally for dislocation traps
(catchers) arranged at sufficiently far distances from one
another.

Considering the dependence of K on the composition
is, in principle, similar to considering the set of n types of
the ith defect areas in the material bulk with the partial
volume content N; while the individual desorption
peaks can result from the changes in the hydrogen state
in the positions of the same type induced by the changes
in concentration.

In future studies, it seems challenging to carry out a
special analysis of complicated sorption isotherms by
assuming that the areas of different types are additive
and on the basis of classical relationships [26] with
partial Sievert’s constants K; and K, for H and D,
respectively, i.e.:

_ SN o e, SoNi=
xH_\/P_HZiZ:lKi“'\/PE, xD_\/}EgK’,‘-‘-\/PE’ ;M—l
(2)

In contrast to Eq. 1, Eq. 2 is suitable also for the
cases where the concentration of defective positions is
comparable with 1, and also for an arbitrary region of
pressures and any type of defect space distribution.
They correspond to the condition that an equilibrium
exists between hydrogen in the gas phase and in every
type of defect position, which is equal to the equilib-
rium condition considered by Bucur [7] and Oriani
[31].

At p—0, Egs. 2 are transformed into the following
form:

n n n
XH N; Xp Ni N =1
/P, l:ZI i’ \/Fp, =1 ’ 1:21 ! (3)

If one of the terms in Eq. 3, N,/K;, is substantially
higher than the other terms, then the limiting value
x/p"? in fact characterizes the only type of position:
defective areas most abundant and/or characterized by
the strongest bonds. Such a value can be found by
extrapolation of the coordinates x/pl/2 vs. p'%. Such a
procedure for analyzing the experimental data is shown
in Fig. 7, and the values found by extrapolation are
given in Table 3.

On the simplest assumption that only two types of
lattice position are present (=2, N;=N, N,=1-N),
then Eqs. 3 take the following form:

(xH) LN, N (xD) _ LN N
vPH, p—0 K> K’ V/PDy p—0 K; KT

and if N < 1, one can simply put 1 in the numerators of
the first term on the right-hand side and obtain the low-
pressure limit of Eq. 1, K> and K, having a meaning of
K, for H and D. Considering the first type (K, K, ) as
the more defective trapping positions, and the second
one (K5) as the less defective, we can assume on a good
approximation that K; is small compared with K;. At
the same time, in accordance with the data of Fig. 6 for
K, (which may be underrated), (1-N)/K5 is close to 1/K,
and smaller than 1 (in the limiting case, 0.05), i.e., the
main contribution to the high limiting values of (x/p'/?)
(Table 3) is made by the term N/K;. In as much as N <1,
the maximum possible K; are 0.02-0.05 for small N, and
are by several orders of magnitude smaller for N really

In{x,p, / p* (atm™12)}
4 -

2 1 1 1
0.03

p1/2, atmlll

Fig. 7 The analysis of the low-pressure limit in accordance with
Eq. 4 for Pd(-50) (triangles), Pd(26) (circles), and Pd(40) (squares).
Open symbols correspond to xy, solid symbols to xp



close to the formal values of r.°. In any case, the effective
Sievert’s constants for imperfect areas at a zero pressure
are by several orders of magnitude higher than the
characteristic values shown in [7].

The impossibility to approximate the experimental
data of Fig. 4 in the overall p interval by Eq. 1 results
precisely from the existence of a pronounced dependence
of K on x. In the samples discussed in [7], a substantial
delocalization of defects probably took place, which
weakened the interaction of strongly bound hydrogen
atoms and provided a weak dependence of K on the
concentration.

To find the dependence of K on x on the basis of data
for two hydrogen isotopes is a challenge. This would
have been possible in principle within the framework of
the model of two types of sorption positions for the
separation coefficients H/D (@) independent of the defect
nature. Then, the known relationship K;" =a*K; would
have ensured the independent calculation of both N and
K, by using Egs. 4. However, realization of this calcu-
lation procedure requires precise data on the equilibrium
compositions in an interval as wide as possible for both
low and high p, while the fulfillment of the required
conditions is, apparently, possible only for certain types
of palladium materials. Particularly, on the basis of the
data of this work, we can assume that ¢ depends on the
position type.

Indeed, in accordance with Egs. 3, at p—0 the ratio
xn/xp characterizes the specific isotopic effect a = K;/K;"
only for one of n position types (the type for which the
ratio N,;/K; is maximum).

At low p (Fig. 8), at least for Pd(26) and Pd(-50)
samples, the xy/xp values tend to the same value of 2.4—
2.5, i.e., far exceed xy/xp for all compact palladium
materials measured in the region of the a-phase at room
temperature (1.95-2.17 [26], horizontals on Fig. 8 mark
the boundaries of this region). For a deposit obtained
beyond the hydrogenation region, xy/xp decrease with
decreasing p and tend to 1.2-1.3. The detection of the
specific isotope effects requires additional measurements
in the region of low pressures.

Conclusions

Highly defective samples of electrodeposited Pd stud-
ied in this work are characterized by equal concen-
trations of protium in the hydride a-phase (curves 2—4
in Fig. 4). At the same time, isotopic H/D effects for
the corresponding hydrides (Fig. 8), both limiting ones
(at low pressure) and (first of all) in the whole studied
region of pressures, display substantial differences in
the sorption behavior of different materials, which is
also indicated by the f-hydride concentrations deter-
mined in [19].

The prospects of using the properties of concentrated
hydrides for indirect structural diagnostics are hardly
high today owing to complications and the approximate
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Fig. 8 Pressure dependence of the sorption isotope effect for the o-
phase (xy/xp). The area marked by horizontal lines corresponds to
the pressure-independent values for perfect Pd [26]. Solid symbols:
Pd(-50) (triangles), Pd(26) (circles), and Pd(40) (squares). Open
squares: Pd(gst)

nature of the corresponding theoretical descriptions. At
the same time, for a hydride phase, an unambiguous
relationship exists between the isotope effect and the
oscillatory modes of hydrogen and deuterium in
the lattice, which gives grounds to expect that in future
the definite quantitative characteristics will be found for
different types of defective regions.

Whereas the studies of the adsorption of metal atoms
on Pd can serve as a simple tool for finding the depen-
dence of the surface structure on the conditions of
deposit fabrication, the comparison of the sorption of
protium and deuterium, as was shown above, charac-
terizes, first of all, the analogous specific features of solid
state properties. It is interesting that a certain parallel-
ism is observed between the changes of surface and bulk
properties. This allows us to hope that the approaches to
solving one of the most important problems of solid
state electrochemistry — the relationship between bulk
and surface characteristics of electrode materials — will
be developed.

One should also take into account the anomalous
pressure dependences of the isotope effect for imperfect
palladium when constructing membrane reactors and
separators. Membrane devices exploit palladium foil
modified by dispersed (particularly electrodeposited)
palladium, which can result in a pronounced decrease of
the separation factor in a certain pressure range.
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